Ecosystem models, used mainly in studying the interactions between different trophic levels, can also be used for ocean circulation model skill assessment, with the help of satellite ocean color data. This paper presents how the use of a simple NPZ primary productivity ecosystem model, coupled to a hydrodynamical model, can help assessing the skill of the physical ocean model in depicting realistically the prevailing mesoscale features of the upper layers of the Gulf of Mexico. Results indicate that the physical model effectively reproduces the mesoscale features of circulation underlying the resulting chlorophyll concentrations, especially when circulation fronts exist.
INTRODUCTION
Accurate depiction of circulation features such as mesoscale eddies, fronts and jets is of great importance to operational oceanography. However, observations needed to delineate these features are invariably scarce, and numerical models are increasingly being called upon to satisfy this need (Carniel et al. 2002 , Forristall et al. 1992 .
A data-assimilative numerical circulation model can overcome the spatio-temporal sampling limitations of in situ measurements and remote sensing and can, in addition, provide simulation and nowcast/forecast capabilities (Rixen et al. 2009 , Kantha 2005 . However, it is rather difficult to assess the skill of a numerical model in producing accurate currents and circulation features, mostly because the verification data available are severely limited (Rixen et al. 2009 , Kantha 2005 , Taillandier et al. 2008 . The dearth of in situ data forces modelers to rely instead on more readily available remotely sensed data for model skill assessment.
Satellite-borne sensors such as the NOAA AVHRR (Advanced Very High Resolution Radiometer) have routinely monitored the sea surface radiance in the infrared and visible bands for decades . These data are collected at high spatial resolution (1 km), and with the advent of half a dozen sensors in orbit at the present time, afford sub-daily coverage as well. Unlike microwave sensors, these sensors cannot look through cloud cover and this continues to be their major shortcoming. Nevertheless, by forming multi-day composites, a reasonable picture of the surface radiance can be obtained over most regions. The radiance highlights the underlying circulation when there exist sufficient temperature contrasts and therefore it is often possible to glean information on its dynamical features from infra-red (IR) imagery (Fig. 1) . In particular, sharp fronts and mesoscale eddies are well delineated. Consequently, IR maps have been routinely used for qualitative assessment of the model's skill as far as the model's placement of fronts, eddies and other features is concerned (Brooks et al. 1982) . However, since the Sea Surface Temperature (SST) derived from these data are often used by data-assimilative models to better simulate the upper layer thermodynamics, these data cannot always be used also for independent model assessment. Also, spring/summer-time heating of the upper mixed layer produces a shallow warm layer that tends to mask the circulation underneath. For example, in the Gulf of Mexico, during late spring and summer, it is hard to see the Loop Current and its rings in IR imagery, and this also tends to restrict the utility of IR imagery in model skill assessment (Kuznetsov et al. 2002) .
Satellite-borne ocean color sensors, such as Seaviewing Wide Field-of-view Sensor (SeaWiFS) and Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA Aqua and Terra, map spatial chlorophyll concentration distributions in the upper ocean, and complement quite well the IR images from satellites. Comparisons can therefore be successfully made of the modeled circulation features with ocean color imagery. Ocean color imagery is particularly good at distinguishing between different water masses as long as they happen to exhibit sharply distinct primary productivity characteristics that result in noticeable disparity in chlorophyll concentrations. A good example, referring to the Arabian Sea, is shown in Figure 2 ; clearly, many circulation features including upwelling off the Somali coast and numerous eddies are revealed by the chlorophyll contrasts. Thus, where it may be difficult to discern temperature contrasts, it may still be possible to detect chlorophyll concentration contrasts. In the Gulf of Mexico case, for instance, it is often easier to detect the Loop Current and eddy fronts because of the small but discernible contrast in phytoplankton biomass and hence chlorophyll concentrations between Gulf water masses and the nutrient-poor Caribbean water masses entering the Gulf through the Yucatan Channel, even during summer (Toner et al. 2003) . Color imagery also constitutes an independent data set for model skill assessment since chlorophyll data from color sensors are not routinely assimilated into ocean circulation models.
For all these reasons, ocean color imagery is of potential utility in assessing the skill of numerical circulation models. For instance, the possibility of tracking coastal waters by means of satellite ocean color products, including SeaWiFS -derived chlorophyll and Case 2 turbid waters, was demonstrated by Bignami et al. (2007) for the Adriatic Sea. They were able to show a qualitative correlation between satellite observed structures and dynamic (physical) circulation features reproduced by the Regional Ocean Modeling System (ROMS, www.myroms.org) ocean model. Their study shows how upper layer chlorophyll concentrations can respond to circulation in the upper layers, highlighting many circulation features such as mesoscale eddies, offshore jets, etc. that are not visible using other satellite products. In this paper, we explore how ocean color can be used to assess the performance of physical models with the Gulf of Mexico as a test bed. The approach we use here is that of coupling the physical model to a primary productivity model and comparing the resulting chlorophyll concentrations to those deduced from ocean color data. One stands to learn far more about ocean circulation from a skillful primary productivity (ecosystem) model coupled to a physical model than from the physical model alone. Despite this obvious advantage, not much use has been made in the past of primary productivity models in the process of interpretation of the underlying circulation.
Note that both the SST and chlorophyll are imperfect tracers with their own individual characteristic time scales. Both are inherently Lagrangian in nature (Kirwan et al. 1984 ) and both are affected by cloud cover. Consequently, while it is possible to locate fronts readily in IR and color imagery, it is often difficult to relate discerned features to the underlying Eulerian circulation. An inherent advantage of a model-produced chlorophyll concentration map is that it is accompanied by the corresponding circulation map and therefore flow features are more readily interpretable.
MATERIALS AND METHODS

The Gulf of Mexico example
We chose the Gulf of Mexico for this study. The main reason is the fact that a well-evaluated dataassimilative physical model of the Gulf exists and has been used for a variety of studies as well as for operational nowcast/forecasts (Kantha 2005 , Choi et al. 1995 . The same modeling system has also been applied to other areas (see Carniel et al. 2002 , Onken et al. 2005 .
The principal determinant of the circulation in the Gulf of Mexico is the Loop Current, which enters the Gulf through the Yucatan Channel in the south and exits through the Florida Straits in the east to become the Florida Current and eventually the Gulf Stream (Hamilton 1992) . The Loop Current (LC) transports relatively warm, nutrient-poor subtropical waters from the Atlantic into the Gulf. The Loop Current intrudes deep into the Gulf (Biggs 1992) before shedding an anticyclonic eddy and exiting the Gulf (e.g. Elliott 1982) . The intruding LC and the eddy it sheds can be easily seen in IR and ocean color imagery as well as in altimetric sea surface height anomalies (Elliott 1982) . The intrinsic mesoscale variability that characterizes these eddies has a profound influence on determining both the heat (Sturges et al. 1993 , Vukovich and Crissman 1986 , Vukovich and Maul 1985 and nutrient (Biggs 1992) budgets of the region.
While the contrast in chlorophyll concentrations between the Gulf and Caribbean waters is rather small, it is adequate to delineate the Loop current front and its eddies, clearly seen in Figure 3 , where a weekly composite ocean color map for February 10-17, 1998 is presented. Note that this figure was not provided as digital data, and is then useful just for qualitative reckoning of where the mesoscale features are.
On the other hand, Figure 4 shows an ocean color digital image provided for August 24 th , 1998 (day 235, courtesy of M. Toner of the Naval Oceanographic Office, NOO; see also Kuznetsov et al. 2002 , Toner et al. 2003 , Elliott 1982 . The image is overlaid on modeled integrated 10-day drifters trajectories (the dots denote release points), calculated integrating currents obtained from the operational model of the GoM (see again Kantha 2005), i.e. the same model adopted here and described below, but in its physical stand-alone mode and not coupled to the productivity sub-model. Red indicates the most productive and the purple the least productive regions. Note how well the Loop Current and the cyclonic rings are delineated by the model, showing that ocean color data can be used to assess modeled circulation.
The region is the Gulf of Mexico and the model used is the same one used in this study, but run in the hindcast mode from 1993 to 2001 (Kantha 2005 . The model assimilated sea surface height anomalies from NASA TOPEX/Poseidon and ESA ERS-2 altimeters, and Multi-Channel Sea Surface Temperature (MCSST) data from NOAA AVHRR to estimate the oceanic state. The curved arrows show 10-day tracks of virtual drifters released in the model. It is clear that the circulation implied by the ocean color and that by the modeled circulation are quite consistent. The jet of high chlorophyll water masses being transported offshore by the cyclonic-anticyclonic eddy pair and its subsequent trajectory is evident.
However, once again, while the agreement indicated by the overlay is quite striking, the resulting model assessment is merely qualitative. If instead we modeled the chlorophyll concentrations as well, these could be correlated with the observed ones to provide a semi-quantitative measure of the skill of the circulation model. Clearly, this approach requires a primary productivity model to be coupled to the circulation model; the modeled chlorophyll concentration could then, in spite of its nonconservative nature, act as a "Lagrangian" tracer of the underlying circulation (Elliott 1982) , as it would take into account physical processes, such as upwelling-downwelling, lateral and vertical mixing etc., which influence primary productivity.
Generally speaking, 3-D models are needed to adequately simulate the advection processes of oceanic regions. Since these coupled physicalbiological models have substantial computational requirements, 1-D versions are usually used for testing new biogeochemical parameterizations and for basic understanding of the behavior of lower trophic levels. However, while a simple 1-D model coupled to a relatively complex ecological model can exhibit considerable skills, as shown by Carniel et al. (2007) , often the absence of lateral advective effect could lead to a failure to produce features such as the succession of spring-summer blooms. A 3-D physical model is therefore highly desirable. Therefore, since the focus of this is on circulation and not the biology per se, we chose to adopt a state-of-the-art 3-D model for the hydrodynamics with a relatively simple productivity model; the coupled system only needs enough fidelity to reproduce the phytoplankton concentrations and not necessarily the entire trophic system. In coupling to resource-intensive 3-D numerical circulation models, this strategy also minimizes the additional demand on computer resources, very much increased by complex ecological sub-models.
The physical model of the Gulf used in this study has been described in detail in Kantha (2005) and Kantha et al. (2005) , and tested and compared with other numerical tools in Onken et al. (2005) . We will not repeat it here in detail, but instead refer readers to the references cited. Briefly, it assimilates altimetric SSH anomaly data to enable the model to "fix" large scale circulation features accurately, while the model physics is relied upon to "fill in the smallscale details." The model also assimilates composite MCSST from satellite sensors so as to accurately represent the thermal state of the oceanic mixed layer. Through the use of a second moment closurebased turbulent mixing model (Kantha 2005) , it accurately simulates mixing in the mixed layer. Consequently the physical model simulated the circulation reasonably well in this particular area (Kantha 2005 ) and also in several other regions of the world (Carniel et al. 2002 , Onken et al. 2005 . However, assessment of its skill is hard since observational data for corroboration are quite sparse.
Coupled physical-biological model of the Gulf of Mexico
The last decade has seen immense efforts devoted to the development and refinement of ecosystem models, which can range in complexity from very simple NPZ models to very complex multicomponent ones containing as many as 12-15 components (see also the review in Kantha (2004) ). In recent years, we have succeeded in formulating a modular general ecosystem model (GEM) for eventual use in a 3-D coupled physical-biological model. We have validated it in 1-D mode to the extent possible with available observational data from the PAPA station in the Pacific and the BATS site in the Atlantic (Kantha 2004) . Note that while the GEM10 version ( Figure 5 -see Kantha (2004) for details of the model) can simulate complex ecosystems, the focus here is on circulation verification and hence only the simple threecomponent version (what we call the GEM3 version), which involves phytoplankton, zooplankton, and nutrients and concentrates on primary productivity and chlorophyll concentrations, has been used. The conceptual relations between the trophic systems are sketched out in Figure 6 ; it is the simplest primary productivity model that can be expected to produce realistic chlorophyll concentrations in the upper ocean, requiring only three additional partial differential equations to be solved. Clearly, this is a significant and desirable advantage for coupling with complex circulation models.
The GEM3 NPZ model governing equations consist of conservation equations for the three constituents, phytoplankton (PH1), zooplankton (ZO1) and nutrients (NUT):
where Φ is the mean concentration of the constituent (in mMN m -3 or equivalently µMN kg -1 , where subscript N indicates nitrogen).
The term containing the overbar, denoting an ensemble average, is the turbulent diffusion term and requires a physical model based on turbulence closure for quantification. The LHS contains the tendency term, the horizontal advection term being uα , the horizontal component of velocity, and the sinking term of the constituent (w includes both the
(1) vertical velocity and the sinking velocity, negative since it is always downward); z is the vertical coordinate, positive upward. The first and second terms on the RHS are the molecular diffusion term, ν φ being the kinematic molecular diffusion coefficient (units of m 2 s -1 ). The third and fourth terms account for turbulent diffusion. The last term is the source minus sink (SMS) term, equivalently the net production for the constituent in question. It is the parameterization of these SMS terms that determines the skill of the ecosystem model. These terms also couple the equations for various constituents to one another. Ecosystem models can be complex but for our present purposes, all we need is a simple primary productivity model with 3 components, phytoplankton, zooplankton and nutrients. The equations for SMS terms can be found in Kantha (2004) , who presents a 7-component (GEM7) and 5-component (GEM5) ecosystem model. The details of the parameterization of the ecosystem model would take an unnecessarily large amount of space and moreover can be found in the Appendix of Kantha (2004) .
For the 3-component model used in this study, in the euphotic zone, the SMS terms are as follows (these sets of equations can be derived by simple algebraic simplification of equations (8) and (11) of the Kantha (2004) ):
where J1 is the photosynthetically available radiation (PAR)-limited phytoplankton growth rate, in the form of
(gP1 is the maximum phytoplankton growth rate, I is PAR intensity (W m -2 ), and α1 is an appropriate constant units of ((W m -2 ) -1 day -1 ).
is the growth rate modulation by available nutrients, with KN1 the half-saturation constant (units of mMN m -3 ) for the uptake of nutrients.
is the zooplankton uptake of phytoplankton, being gZ1 is the zooplankton grazing rate, KP1 is the halfsaturation constant, μP1, μZ1 are mortality rates for phytoplankton and zooplankton. β1A represents the fraction immediately converted to nutrients. Below the euphotic zone, we have the following:
where λD is a decay coefficient,
ze is the depth of the euphotic zone. The performance of an NPZ model is close to but somewhat different than that of a 4-component NPZD model that includes detritus (D). It is also somewhat similar to that of an N 2 PZD model that breaks up nutrients into nitrate and ammonium. However, as far as the chlorophyll concentration simulation is concerned, an NPZ model is generally regarded as an acceptable approximation that avoids the problems generally arising when employing ecosystem models with a higher number of components (see Carniel et al. 2007 , Chu et al. 2007 , Kantha 2004 .
The fixed points of the NPZ system are easy to find for the case when there is no phytoplankton sinking (WSP1 = 0). Then the total nitrogen in the water column Σ = PH1+ZO1+NUT is constant. The fixed points of the system are given by (using P=PH1, Z=ZO1 and N=NUT, μP1= μP and μZ1= μZ for simplicity):
which in turn yields
If in addition Z is small, it can be shown that
The important dimensional parameters governing the behavior of the system are the half-point concentrations (KP and KN), the growth rates (gP and gZ) and the mortality rates (μP and μZ). These parameters must be chosen to obtain the best agreement with observations. For a comprehensive description of the parameters please refer to Table 1 of Kantha (2004) .
The ecosystem model was initialized with the nitrate field derived from historical National Oceanography Data Center (NODC, http://www.nodc.noaa.gov/) observations. The nitrate concentrations in the inflowing Yucatan current were prescribed from observational data in the Yucatan Strait. N, P and Z are advected out of the Florida Strait. The surface and bottom BCs are zero flux conditions on N, P and Z. Only the Mississippi and Atchafalaya rivers (see the "crow's feet" at about 90°W in Figure 3) were considered in the model. The discharge rates were prescribed as climatological monthly averages (see http://waterdata.usgs.gov/nwis/rt), while the nitrate fluxes due to these rivers were also prescribed from observational data. Since it was not possible to access the discharge figures for all possible rivers, a line source of nitrate was prescribed all along the coast. Since SeaWiFS images show a high chlorophyll concentration pretty much all along the US coastline, this line source is a convenient way to simulate the effect of various bays and rivers on the nutrient conditions along the coast.
The model was "spun up" using restart files from the circulation model. Since the ecosystem variables have no impact on the dynamics, it is then possible to compute the N, P and Z fields that correspond to the model circulation by simply solving Eq. (2) along with the dynamical variables.
RESULTS
We chose to run the coupled model for a period when processed SeaWiFS color data were readily available.
NRL Stennis (Dr. Arnone's team) routinely processed color imagery for the Gulf of Mexico and made weekly composites available, but no digital data corresponding to those images were available to cover the precise time of the study (i.e., we could use images available for the whole year for qualitative reckoning of where the mesoscale features were). However, we obtained digital data corresponding to the 10-day composite images through Dr. Toner (formerly Univ. of Delaware, now NOO) even though, at the time we started the study, these data were available only for the first half of 1998.
Therefore, the coupled model described in Section 3 was run using the first half of 1998 forcing, using the restart files generated periodically from the 1993-2001 hindcast run of the GoM operational model . In order to avoid qualitative comparison by matching the different model/satellite color maps, we utilized processed SeaWiFS data, thus enabling both the model and the data to be plotted using the same color scheme. Figure 7 shows the 10-day composite map of the chlorophyll concentration (mg m -3 ) in the eastern Gulf, resampled at the model resolution of 1/12°. Figure 8 shows the modeled 10-day composite chlorophyll concentration derived from the coupled physical-biological model for the same period as in Figure 7 (January 31 to February 9, 1998), and plotted using the same color palette. While there are some notable differences having to do with the model characteristics, overall, there is good agreement between the modeled and observed chlorophyll concentrations. The correlation coefficient between the two images in the inner box encompassing the ring that is on the verge of being spun-off is 0.91 (RMSE being 0.80 mg m -3 ), indicating a significant model skill in depicting the Loop Current and its ring. Over the entire eastern Gulf domain, the outer box (see again Figure 8 ), the correlation decreases to 0.66 (RMSE 1.34 mg m -3 ), suggesting that the features on the shelf are not as well reproduced by the model. This decreased correlation is not a major concern since we are more interested in mesoscale processes in the deep basin portion of the Gulf and not shelf processes governing chlorophyll distributions, which are incidentally harder to model. Figure 9 shows the 10-day average currents superimposed on the 10-day chlorophyll concentration field; it is now possible to identify circulation features responsible for the pattern of chlorophyll. Similarly, Figure 10 , which shows the 10-day average currents superimposed on the 10-day average SST field, enables flow features to be better interpreted.
An example of a low correlation between the model and ocean color data can be seen in Figures 11  and 12 for the period of June 10-19, 1998. The correlation coefficient in the inner box is 0.34, with RMSE equal to 0.14 mg m -3 , lower than the 0.48 value in the outer box, which has an RMSE of 0.97 mg m -3 . It appears that while the Loop Current edge is well-depicted, the ring that was shed has moved off to the west and the resulting "confused" current patterns do not yield as definitive a contrast as in the case of an eddy. Consequently, the model has difficulty reproducing the observed chlorophyll concentrations. It may also help to fine tune the ecosystem model to reproduce the low productivity seen in the Loop Current and the eddy to the west of the inner box. Table 1 shows the overall statistics for all 14 cases, in terms of correlation coefficients. As mentioned earlier, the model's performance is best ) with super-imposed surface currents for the same period (of Fig. 8 ). The circulation features producing the color variation can be clearly seen. when well-defined features conducive to upwelling situations are depicted by the model; indeed, these cases yield high productivity and hence high chlorophyll contrasts when compared to the ambient waters. Consequently, the match with ocean color data also appears to be better, compared to situations (very much akin to AVHRR) where the circulation lacks well-defined features such as eddies and fronts.
CONCLUDING REMARKS
A primary productivity model has been successfully coupled to Kantha's (2005) dataassimilative numerical circulation model of the Gulf of Mexico. A series of coupled 3-D model runs have been made that demonstrate that the chlorophyll concentrations in the upper layers develop rapidly (within a matter of weeks) from initially prescribed values. The resulting chlorophyll distributions highlight the underlying circulation and are wellcorrelated with the chlorophyll distribution deduced from ocean color data, when flow features such as eddies and fronts exist in the circulation pattern and produce strong chlorophyll contrasts between these features and ambient waters. This suggests that the approach based on coupling a simple primary productivity model to a state-of-the-art dataassimilative physical model holds the potential to provide an alternative way of assessing the skill of a physical model using ocean color data.
The results in the Gulf of Mexico are encouraging enough to merit continued development of this approach to physical model skill assessment. A coupled circulation/primary productivity model is inherently more complex than the circulation model and this has inhibited a thorough exploration of the model parameter space. A much better agreement can be obtained by further fine-tuning of the primary productivity model parameters. This could also lead to improved agreement over the shelf. While the model has shown considerable skill in reproducing large scale flow features, the resolution of 1/12° is probably still too coarse to reproduce faithfully smaller scale features such as the cyclones around the periphery of the Loop Current and its ring. Nevertheless, the approach described in this paper allows satellite ocean color data to be used to assess the skill of numerical circulation models and hence can be a valuable tool in operational oceanography as well as for assessing the skill of numerical ocean models.
